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ABSTRACT 
Cellulose is a vast, renewable and biodegradable polymer that could be 
used to substitute a wider range of cotton and synthetic polymer-based 
commodities such as fibres, filaments, packaging materials, thermoplastics 
etc. Cellulose is found in nature where it functions as a structural component 
of plants. Major sources of cellulose are green plants, algae and oomycetes. 
Cotton grows on shrubs as fluffy, fibrous bolls that enclose the cotton plant 
seeds. The white fibres are almost pure cellulose which makes harvesting of 
the cellulose from this source much easier than from the branches of woody 
plants, where cellulose is bound to other natural substances such as 
polysaccharides (hemicellulose), lignin and pectins. Nevertheless, methods for 
separating cellulose from biomaterial (pulping) of woody plants have been 
known since the 1800’s.  
The author has investigated the details of the history of cellulose 
solubilization and how the different approaches affect the physical properties 
of the solute in this study. The lack of a more general and systemic approach 
for the development and engineering of cellulose solubilizing agents justifies 
the research done in this thesis. The main aim of the work focused on the 
parameterization of the chemical properties needed to solubilize cellulose. 
Recyclability of a process solvent plays a key role in the industrial 
applicativity of that process. Cellulose is a relatively cheap material but it 
becomes increasingly less-profitable to extract as the cost of the processing 
chemicals rise. The solvent system for industrial processes therefore should be 
recoverable, reusable and produce a product of sustainable quality. 
The author introduces an easy, cheap, fast and accurate method for 
predicting the cellulose solubilizing effect in acid-base conjugate ionic liquids 
(ILs), which is also supported by experimental work described in this thesis.  
One of the developed cellulose solubilizing ILs, IL 1,5-Diazabicyclo[4.3.0]non-
5-enium acetate ([DBNH][OAc]) was found to possess ideal physico-chemical 
properties in air-gap spinning processing trials that were carried out in Aalto 
4 
University. The recovery and recyclability evaluation of the IL was performed 
as a collaboration between the University of Helsinki and VTT. 
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1 INTRODUCTION 
The world population is increasing exponentially, and the growth of 1.4 
billion more people is predicted to occur within the next 20 years. This will 
increase the demand of food by 43% and textile fibres by 84%. The dire 
prospect of the diminishing arable land in conjunction with the above 
mentioned population growth prediction, is steering us towards a food crisis.1 
About one third of the world’s consumption of textile fibres are cellulosic 
fibres (i.e. cotton, Viscose, Tencel etc.) because of their unique properties such 
as recyclability, sustainability, availability, moisture management and 
absorbency.1,2 The loss of arable land will limit cotton production and further 
intensify the demand for textile fibres. Other options for the production of 
man-made cellulosic fibres are therefore needed. 
Cotton comprises ~90% of pure cellulose, the same cellulose that grows in 
every living plant i.e. trees, crops and even algae.3,4 Cellulose is bound and 
mixed with other biopolymers, such as hemicelluloses and lignin, in the 
physical structure of trees, thus such cellulose requiries specialty chemicals 
and processes for its extraction. The currently available pulping methods for 
extracting cellulose from the biomass are well known and are thoroughly 
optimized, but the challenge lies in converting the cellulose into fibres, while 
retaining sufficient desirable material properties that cellulose imparts. 
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1.1 STRUCTURE OF CELLULOSE 
Cellulose was discovered by the French chemist, Anselme Payen, in 1838. 
He isolated cellulose from wood material and determined its chemical 
structure. The word “cellulose” was introduced a year after the publishing of 
Payen’s paper, in a report regarding Payen’s findings.5 The polymeric structure 
of cellulose was determined nearly eighty years later by Hermann Staudinger 
in 1920 and he was awarded the Nobel prize for his work.6,7  
 
The structural complexity and versatility of cellulose is remarkable in such 
a simple and unique polysaccharide. The systematic and thorough description 
of the structure has to be divided into three subcategories a) the molecular 
level of a single cellulose macromolecule b) the macromolecular level that 
shows the interactions between the macromolecules and c) the morphological 
level that shows the larger architecture of the structural entities.8  
1.1.1 THE MOLECULAR LEVEL 
 
 Cellulose polymer structure (Figure 1) consists of anhydroglucopyranose 
units (AGUs) that range from hundreds to several thousands. The number of 
AGUs in the polymer chain is commonly presented as the degree of 
polymerization (DP). Naturally occurring cellulose is always found in entities 
constituted by various DP lengths or in other words polydisperse. The 
repeating unit in the polymer chain is cellobiose, which is formed by two 
AGUs.  
Figure 1 Chemical structure of cellulose. 
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The carbon atoms of an AGU are numbered starting from the anomeric 
carbon. The AGUs are linked together with ?(1→4)glycosidic bonds and the 
last link ends up to the open ring structured AGU with hemiacetal in the C1 
carbon that has reductive properties and the other end of the chain also has a 
stable acetal without reductive properties. The stereochemical conformation 
of an AGU in cellulose is known to be the 4C1-chair conformation, the lowest 
energy conformation of D-glucopyranose.9–11 The hydroxyl groups of the chair 
conformation are in an equatorial orientation whereas the hydrogens are 
axially oriented. 
A single AGU is water soluble, but once the DP is raised above 6, the strong 
inter- and intramolecular hydrogen-bonding (H-bonding) decreases cellulose 
water solubility drastically. Properties unique to cellulose begin to emerge 
already at DP>30.8 The intramolecular H-bonds form between the hydroxyls 
of C2 and C6. The intermolecular H-bonds are formed between C3 hydroxyl 
and the endocyclic oxygen as is shown in Figure 2.8,12,13 
 
Figure 2 The inter- and intramolecular H-bonding of cellulose. 
The H-bond network presented in Figure 2 represents the ideal H-bonding 
pattern of cellulose, but the naturally occurring macromolecular structures 
contains random anomalies in their H-bonding patterns.14 The cellulose 
macromolecular structure is changed and a new allomorphic structure is born 
after the changing of the H-bond pattern. Cellulose has four allomorphs, i) 
Cellulose I is the native cellulose ii) Cellulose II is produced when dissolved 
cellulose is regenerated iii) Cellulose III can be prepared by ammonia- or 
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organic amine treatment and iv) Cellulose IV can be prepared by treating 
native cellulose in glycerol while heating (260oC).15  
The conformation of the hydroxymethyl group in cellulose I is believed to 
be trans-gauche (tg) and for cellulose II gauche-trans (gt) or ‘mixed’ between 
tg and gt.8 The rotamer structures with the Newman projections are explained 
in Figure 3. 
Figure 3 Hydroxymethyl rotamers (tg & gt) in hexapyranoses.8 
1.1.2 THE SUPRAMOLECULAR LEVEL 
 
The high level of structural complexity makes the exact determination of 
the H-bond network nearly impossible to determine and a static model would 
not be representative either. Nevertheless, the intermolecular H-bonding 
between the hydroxyl groups in C6 and C3 of another chain is the most 
important bonding factor in cellulose I, from the chemical point of view. The 
strong interchain cohesion of cellulose emerges from the three polar hydroxyl 
groups in the AGUs, to form inter- and intramolecular H-bonding site 
regularities throughout the macromolecular structure. The H-bonding 
network is the most relevant factor in the heterogeneous reactions of cellulose. 
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The anomalies in the H-bond pattern allow assumptions to be made that 
cellulose has regions of higher order (crystalline cellulose) and lower order 
(amorphous cellulose). This is the main paradigm of a two-phase model that 
describes crystalline polymeric materials called fringed fibrils and it is 
commonly used to describe the morphology of cellulose. This two-phase 
descriptive model, however, neglects the fact that a small portion of the 
material morphology can be described as mediocre order.16  
The first mention of the cellulose supramolecular structure was by 
Nishikawa and Ono and dates back to 1913. Those authors discovered cellulose 
fibrous structure by using X-ray diffraction patterns and concluded that 
cellulose organizes to form paracrystalline states.17,18 The observations of 
Nishikawa and Ono, Naegeli and Schwendener and the theories of Staudinger, 
were summed up by Hearle to form fringed fibrils (Figure 4) theory which is 
the prevailing theory of supramolecular structure of cellulose.16  
Figure 4 Visualization of fringed fibrils by Hearle (1958).16 
 
The crystallinity of cellulose can be measured relatively by using wide-angle 
X-ray scattering (WAXS) or by high resolution 13C cross-polarization magic-
angle spinning (CP-MAS) solid state NMR technique.19–21 
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1.1.3 THE MORPHOLOGICAL LEVEL 
 
The morphological structure of cellulose can be viewed as organized 
architecture of fibrillary elements.8 The information of the morphological 
structure of cellulose is acquired mainly by using microscopic techniques (i.e. 
atomic force microscopy (AFM), transmission electron microscopy (TEM) and 
scanning electron microscopy (SEM)). The smallest morphological unit is 
considered to be an elementary fibril 3-20 nm in size, depending on its source. 
The fibres are oriented into distinct layers in cellulose I, but in cellulose II the 
positioning into layers is lost and the new morphological structure called skin-
core is adopted.8 A skin-core structure (Figure 5) is common for regenerated 
cellulose products.  
Figure 5 Micrograph of a skin-core morphology of viscose rayon cord (H.-J. Purz, Fraunhofer 
Institute of Applied Polymer Research, Teltow-Seehof).8 
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1.2 SWELLING AND DISSOLUTION OF CELLULOSE 
The swelling of cellulose occurs when the swelling agent is diffused through 
the system of pores and channels, which leads to the breaking of some H-
bonds in the accessible regions of cellulose. A branch of wood taken from the 
bottom of the sea or lake (given that it has been there for some time) is 
different in its physical nature to that of a dry wooden branch that has not been 
immersed in water. The waterlogged material has lost most of its characterstic 
properties. It has become softer and is brittle. This physical change partially 
emerges as a result of natural degradation by bacteria and fungi, but also 
directly due to swelling by water. The dissolution of non-polymeric material 
differs from the polymeric dissolution mechanism. The non-polymeric 
material dissolution is controlled by the mass transfer resistance in a liquid 
layer next to the solid-liquid interface.22 The mechanism for polymeric 
material dissolution may involve two transport processes, i) solvent diffusion 
into the structure matrix and ii) the disassembly of the structure matrix.22 The 
cellulose dissolution mechanism differs from those of other polymeric 
materials because of its complex macromolecular structure. The swelling and 
dissolution of the cellulosic material depends on the fibre source.22 The 
swelling that occurs before dissolution is often described as ballooning 
because the fibres swell heterogeneously to form balloon-like shapes before 
dissolving completely as seen in Figure 6.22,23 
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Figure 6 a) Borregaard cellulose fibre in N-methyl-morpholine-N-oxide (NMMO) aqueous 
mixture (23.5%); A = non-swollen fibre. B = ballooning fibre, C = non-swollen 
section between two balloons, D = membrane b) Schematic of a swollen cellulose 
fibre; B = ballooning fibre, C = membrane, D = non-swollen section between two 
balloons.22(The image has been adopted and adjusted from Cuissinat 2006) 
The phrase ballooning for this effect was first coined in a publication by J. 
T. Marsh in 1941, although the effect was observed years before this.22,23 The 
swelling and dissolution of cellulose is very important from an industrial 
perspective. The controlled homogenous functionalization requires that the 
material be swollen to some extent, otherwise the accessibility would only be 
on the surface of the material and would result in heterogeneous products. The 
functional uniformity of the produced material depends highly on the purpose 
for which it is made therefore sometimes the heterogenous products are better 
and sometimes not. The majority of man-made fibres are produced from 
homogenous cellulose media.  
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1.2.1 SWELLING CELLULOSE IN WATER 
 
The swelling of cellulose from the chemical point of view can be considered 
as the competitive H-bonding between the cellulose moiety and the swelling 
agent. The uptake of the swelling agent by the cellulose can be quantified by 
using a procedure described by Jayme and Rothamel in 1948.8,24 The 
measurement of the water retention value (WRV) has proven to be convenient 
and relatively accurate method for the quantification of swelling.8 The 
interaction between water and cellulose plays a major role in chemistry, 
physics and in technologies that utilize the properties of cellulose i.e. paper 
manufacturing and fibre spinning. Although cellulose is very hygroscopic due 
to the interactions between its hydroxyl groups and water molecules (Figure 
7), cellulose as a whole is not water soluble. The water solubility is hampered 
by the complex supramolecular structure of cellulose.8  
 
Figure 7 Competition of H-bonding between cellulose-cellulose and cellulose-water.8 
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1.2.2 SWELLING OF CELLULOSE IN ORGANIC LIQUIDS 
 
The aqueous swelling of cellulose is well known and is widely utilized in the 
industrial applications and processes. The data on cellulose swelling in organic 
solvents is lacking, however even though it is plays an important part in the 
functionalization in non-aqueous media. The extent to which a sample of 
cellulose can swell is related to its structure and also to the structure of the 
swelling agent. Generally, the larger the molar volume of the swelling 
molecule, the lower is its capability to swell the cellulose. This is due to the 
slower solvent diffusion into the cellulose matrix.8 In the following table  some 
organic solvent liquid retention values (LRV) in different cellulose samples are 
presented (Table 1.).25  
Table 1. Effect of swelling agent and cellulose polymer structure on the swelling of 
cellulose in organic liquids at 20oC.25 
Swelling 
agent 
Equilibrium 
LRV (%) 
     
 Cotton Hydrolysed 
linters 
Spruce 
(untreated) 
Sulfite pulp 
(decryst.) 
Sulfite pulp 
(mercerised) 
Rayon 
staple 
Ethanolamine 106 71 163 189 192 256 
DMSO 90 72 121 168 170 186 
Water 71 58 88 158 106 105 
DMF 51 45 63 87 82 86 
Acetic acid 49 25 63 113 - 69a 
Ethanol 21 14 32 22 29 20 
n-Hexane 12 7 15 - 14 13 
aAfter 2 months; DMF = N,N-dimethylformamide 
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1.2.3 DISSOLUTION OF CELLULOSE 
 
In 1980 Albin Turbak divided cellulose solvents into four categories based 
on the interactions they have with cellulose. These categories were i) cellulose 
acts as a base and the solvent is an acid such as sulphuric acid (H2SO4) or 
trifluoroacetic acid (TFA). ii) cellulose acts as an acid and the solvent is a base 
such as potassium hydroxide (KOH). iii) cellulose is a ligand and the solvent is 
a complexing agent such as cuprammonium hydroxide (Cuam or Cadoxen). iv) 
cellulose is a reactive compound and is converted into a soluble derivative with 
a suitable reagent such as TFA.26 This categorization was later refined by 
Philipp in 1986, who proposed the following: The dissolution of cellulose can 
be divided into two subcategories a) derivatising solvents b) non-derivatising 
solvents.27 The term derivatising emerges from the formation of a cellulose 
derivative. In derivatising solvents a new covalent bond is formed between the 
solvent molecule and the cellulose hydroxyl group. This new bond cleaves the 
intermolecular H-bonds, weakens the H-bonding network and eventually 
leading to homogenisation. The forming derivatives are usually relatively 
unstable ethers, esters or acetals.8 The earliest documented mention of 
cellulose dissolution dates back to 1846 when a German professor, F. J. Otto, 
published a method for producing cellulose nitrate.28 Some sources claim that 
the first attempts to solubilize cellulose dates back to 1850, when Mercer 
mixed cotton fabric with concentrated sodium hydroxide (NaOH).29 
Nevertheless, these findings led to rapid developments in cellulose chemistry 
and many attempts to produce commodities from cellulose surfaced.30 The use 
of NaOH as a solvent for cellulose has been investigated quite thoroughly since 
the 1850s.31–37  
A patent by Charles Graenacher in 1934 was the first to introduce the use 
of liquid salts in cellulose dissolution, which could be considered as the early 
age of ionic liquid (IL) research.38 A decade later a patent was taken out by 
Clark E. Thorp in 1946 in which he describes the use of Cuam hydroxide with 
an additive stabilizer to stabilize the solvent system from the moisture of air.39 
Cuam and cupriethylene diamine (Cuem) were widely used as solvents for 
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cellulose in the 1950s.8 The structural features of cellulose macromolecules 
were mainly revealed by the developments made in cellulose solvents.   
1.2.4 DERIVATIZING SOLVENTS 
 Nitrogen tetroxide with DMF 
 
Nitrogen tetroxide (N2O4) is a powerful oxidizer. It forms an equilibrium 
with nitrogen dioxide (NO2) due to its weak covalent bond between nitrogen 
atoms. The bond length is longer (1.78 Å) than the mean N-N bond length (1.45 
Å), thus corresponding to a weaker bond.40 When N2O4 is paired with a polar 
solvent such as N,N-Dimethylformamide (DMF), the resulting solution reacts 
with cellulose (Figure 8). Cellulose nitrate (or nitrocellulose) is produced at a  
high rate in the reaction. The reaction works well, even with high DP cellulose, 
without any pretreatments.8,41–44 Cellulose nitrate has been used as a 
propellant or low-order explosive because of its highly flammable nature. 
Figure 8 Formation of cellulose nitrate with nitrogen tetroxide in DMF.44 
 Orthophosphoric acid concentrated aqueous solution. 
 
Orthophosphoric acid (conc. H3PO4) hereafter referred to as phosphoric 
acid can be used to phosphorylate cellulose (Figure 9). The reaction is selective 
to the primary hydroxyl group at the cellulose C6 position. Flame- and 
glowproof materials can be produced by phosphorylation of cellulose based 
fabrics. Some phosphorylation procedures result in decrease of the fabric 
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tensile strength, but this can be avoided using urea with phosphoric acid in the 
process.45–47 
Figure 9 Formation of cellulose phosphate with concentrated phosphoric acid.45 
 Carbon disulphide in aqueous NaOH 
 
The first patent on the preparation of cellulose xanthate was published by 
Cross, Bevan and Beadle in 1892.48,49 The reaction involves treating cellulose 
with carbon disulphide (CS2) in aqueous NaOH. The name xanthate usually 
refers to a salt with a formula of ROCOS2-M+ where the R is the alkyl group 
(cellulose in Fig 10.) and M+ is the corresponding cation (i.e. Na+, K+). The 
solubilized product is used to spin Viscose Rayon (currently called Viscose) 
fibre that has many uses in consumer products such as textiles. 
 
  
Figure 10 Formation of cellulose xanthate with carbon disulphide in aqueous NaOH.48 
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 Trifluoroacetic acid and formic acid 
 
TFA and formic acid (FA) can be used to dissolve high DP cellulose in the 
presence of a catalyst, such as H2SO4 or ZnCl2.8,50,51 TFA forms trifluoroacetyl 
cellulose (Figure 11) and FA, cellulose formate correspondingly (Figure 12). 
The cellulose chain severely degrades during the dissolution process, for both 
of these acids. 
Figure 11 Formation of cellulose trifluoroacetate. 
 
Figure 12 Formation of cellulose formate. 
 Paraformaldehyde in dimethyl sulphoxide  
 
Paraformaldehyde (PF) in dimethyl sulphoxide (DMSO) reacts with 
cellulose through a hemiacetal to produce methyol cellulose (Figure 13).52,53 
This method was introduced in 1976 by Johnson et al.54 who reported that the 
regenerated product was low crystallinity cellulose II. The product can be 
regenerated by using either water or methanol. Rayonlike fibers are formed 
when the solution is regenerated by injecting the solution through a syringe  
into methanol.57 
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Figure 13 Formation of methyol cellulose in DMSO. 
 Isocyanic acid 
 
When urea is heated to its melting point, or beyond, it decomposes into 
isocyanic acid and ammonia (Fig 14). Isocyanic acid reacts with cellulose to 
produce cellulose carbamate. Cellulose carbamate has uses as fibres since it 
exhibits better stability properties than cellulose xanthate. The produced 
cellulose carbamate is soluble in aqueous alkali.55–57 
Figure 14 Production of cellulose carbamate involves the decomposition of urea to 
isocyanate. 
1.2.5 NON-DERIVATIZING SOLVENTS 
 
The non-derivatising solvents can be further divided into subcategories: 
non-aqueous solvents used in organic media, aqueous base solvent systems, 
transition metal complexes, ILs and deep eutectic solvents. The systems are 
usually used in conjunction with a suitable polar organic solvent such as DMF, 
dimethylacetamide (DMA) or DMSO.8 The interaction of these solvents with 
cellulose can be described as electron donor-acceptor (EDA) interaction 
(Figure 15).8 Some of these solvent systems can be seen in Figure 16. 
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Figure 15 The electron donor-acceptor interaction between cellulose and 
triaethylamine(TEA)/SO2.8 
Figure 16 The molecular structures of some non-derivatising cellulose solvent systems.8,25 
N-methylmorpholine-N-oxide (NMMO) is used in an industrial textile 
fibre process called Lyocell, which will be presented later in the text.58–60 
DMA/LiCl is highly effective in cellulose solubilisation and is used in gel-
permeation chromatography (GPC) of cellulose. Other salt free non-
derivatising cellulose dissolving solvent systems are some secondary or 
tertiary amines that are used with sulphur dioxide (SO2), thionyl chloride 
(SOCl2) or sulphuryl chloride (SO2Cl2) in polar aprotic solvents.8,25  
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 Ionic liquids 
 
 The definition of ILs dates back to 1914, when Paul Walden was 
investigating the electrical conductivity of molten salts, i.e. entities composed 
of cations and anions of various sizes. In the conclusions he wrote “Das 
allgemeine Bild dieser organischen Sähe bei niedrigen Temperaturen (unter, 
bezw. um 100° C.) entspricht also den Erfahrungen an anorganischen 
(einfachen) geschmolzenen Salzen bei weit höheren Temperaturen (etwa 
zwischen 300—600°C).” This sentence when paraphrased means that the 
salts, that become molten below 100oC show similar behaviour in their molten 
state as the salts with melting points between 300-600oC.61 The definition of 
an IL is derived from this report: ‘IL is a material composing of a cation and 
an anion, and has a melting point of or below 100oC’.61  Kenneth R. Seddon 
published a review in 1997, in which he described ILs as neoteric solvents with 
possible industrial applications as a reaction media in catalytic reactions.62 As 
mentioned in under heading 1.2.3 the first report of cellulose dissolution in 
liquid salts was in a patent taken out by Charles Graenacher in 1934.38 The 
molten salt system was generally considered esoteric and hardly valuable.63 In 
2002 Swatloski et al.63 published a paper on the topic of cellulose dissolving 
imidazolium based ILs, and that publication could be considered as the 
starting point for the development of ILs for biomass processing applications. 
Swatloski63 speculated that the dissolution capability and efficiency of ILs was 
related to the anion concentration and temperature. He also noted that the 
longer the alkyl chain in the  imidazolium cation, the lower the dissolution 
rate, and that the stronger H-bond acceptor anions were the most effective 
cellulose solvents whereas the non-coordinating anions lacked the ability to 
dissolve cellulose.63  
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 Imidazolium-based ILs 
 
 The imidazole ring can be found in nature, especially in alkaloids. 
Imidazole is an aromatic heterocycle and it is classified as a diazole. The 
compound is highly polar. Asymmetrically substituted imidazolium salts 
usually have a low melting point (m.p.) due to the irregularity in 
intermolecular packing and delocalization of the charge. The low m.p. of the 
imidazolium salts is also related to the structure and size of the anion rather 
than the symmetry of the cation per se. The imidazolium ILs can be considered 
as the 1st generation of cellulose dissolving ILs, as their discovery started the 
wider research in the field of cellulose dissolving salts. The ‘industrial 
benchmark’ cellulose solvent from the imidazolium-based ILs to date is 1-
ethyl-3-methylimidazolium acetate ([emim][OAc]) (Figure 17).  
Figure 17 The molecular structure of [emim][OAc]. 
Even though [emim][OAc] (and other imidazolium salts) act as potent and 
effective cellulose solvents that exhibit lower viscosity solutions than other 
currently known ILs, their chemical stability has been called into question.64,65 
The indications suggest that the imidazolium ILs react with cellulose reducing 
end groups, thus effecting the important recyclability efficiency of the IL and 
also to the homogeneity of the regenerated cellulose.64,65  
A recent publication by King et al.66  suggests that the purification of the 
imidazolium ILs during the recycling would not be industrially feasible. The 
industrial applications often require temperatures that range from 100-200oC, 
so it is imperative to investigate the chemical stability of these ILs and their 
thermal decomposition temperatures and rates. Usually thermal durability is 
determined by thermogravimetric analysis (TGA) using specific equipment 
that measure the weight loss as a function of temperature over time. The 
decomposition temperatures of the various imidazolium ILs were shown to be 
actually lower than previously reported. Although the decomposition at the 
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lower temperatures was relatively minor, the implication is that the 
imidazolium ILs are rather unstable.67 Maine et al.67 concluded as part of the 
same investigation that the decomposition is effected by the ILs structure and 
by the presence of water impurities to which the imidazolium IL are very 
sensitive in terms of cellulose dissolution capability. 
 
 Distillable ILs 
 
The first distillable IL (DIL) was introduced by MacFarlane in 2010, when 
he reported a method of utilizing N,N’-dimethylammonium N’,N’-
dimethylcarbamate (DIMCARB) to extract hydrolysable tannin materials from 
plant sources.68 This idea was to produce DILs for lignocellulose processing 
was further conceptualized by King et al.66 in order to overcome some of the 
shortcomings of the concurrently dominating imidazolium-based ILs. The 
phenomena behind the research for DILs, is the dissociation of the IL back to 
its basic components, the organic acid and base. The equilibrium between the 
initial components and the IL shifts towards the individual components 
(Figure 18) when the system reaches a certain temperature. This increases the 
vapour pressure of the components that significantly, allows the distillation. 
The distillation dynamics and kinetics remain unclear, but the results clearly 
indicate that the concept could be utilised in the purification and recycling of 
the acid-base conjugate ILs.66 
 
Figure 18 The equilibrium between acid-base conjugate IL and its basic components is 
proportional to the system temperature. 
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 Switchable ILs 
 
The versatility and applicability of the IL solvent system was further 
unveiled in 2005 when Jessop et al.69 reported a method for converting or 
switching a non-IL to an IL and back just simply by introducing different gases 
to the mixture. Such ILs are called switchable (SILs). A mixture of an alcohol 
and an organic superbase 1,8-diazabicyclo[5.4.0]undec-7-ene (DBU) was 
bubbled with gaseous CO2 in ambient pressure and room temperature to 
produce [DBUH][RCO3] IL (Figure 19). This IL could then be converted back 
into the initial components simply by bubbling nitrogen or argon gas through 
the solution.69 Recently, reports have been published of SIL uses in CO2 
capture, solute separation and delignification applications.70–73 
 
Figure 19 The switching equilibrium of a SIL.69 
 Phase-separable ILs 
 
Phase separation is a traditional method for chemical purification and is 
energetically more favourable than distillation, which often requires high 
vacuum and temperature. When two salts are mixed at the appropriate 
concentrations and/or temperature, they form an aqueous biphasic system 
(ABS). The formation of the ABS is affected by pH, temperature and the ionic 
strength of the two salts. There are reports of phosphonium- and imidazolium-
based as phase separable IL systems (PSIL) that might have potential 
industrial applications.74–77 Most imidazolium-based ILs are very sensitive to 
water, because water acts as an anti-solvent for cellulose. Even small amounts 
of water (<1%) impurities have been shown to disturb the cellulose dissolution 
in imidazolium-based ILs.8,63  
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Abe et al.78 reported that tetrabutylphosphonium hydroxide ([P4444][OH]) 
in aqueous solution (60 wt%) is capable of dissolving cellulose in room 
temperature and generates a low viscosity mixture. The only downside of this 
system is its thermal instability. Phosphonium hydroxide solutions 
decompose irreversibly to phosphine oxides at elevated temperatures.79 
Another application for this type PSILs was introduced by Keskar et al.80 who 
reported the use of trihexyl tetradecylphosphonium chloride ([P8888][Cl]) in 
delignification of bagasse.  
Of all the academic reports, only a few publications show the utilization of 
phase-separability in the purification of cellulose dissolving ILs. Of these few, 
the report published by Holding et al.79 demonstrated the use of hydrophobic 
PSILs (Figure 20) that are efficient in dissolving cellulose with a 
corresponding use of a co-solvent and quantitatively recoverable by the means 
of phase-separation.  
Phosphonium ILs, such as tetrabutylphosphonium acetate 
([P4444][OAc])(Figure 20) have been shown to have a relatively high toxicity, 
however, the studies are not exhaustive and yet more studies are needed to 
determine which of the phosphonium ILs are too toxic for industrial purposes 
and which are relatively safe to be utilized.81,82  
Figure 20 The molecular structure of tetrabutylphosphonium acetate. 
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1.3 DEGRADATION OF CELLULOSE 
1.3.1 ALKALINE DEGRADATION 
 
Cellulose is relatively stable even at high concentrations of alkaline 
hydroxides.8 During mercerization, cellulose I? and I? are interconverted to a 
thermodynamically more favourable structure, cellulose II. This process 
involves treating cellulose I with NaOH and the regeneration by neutralizing 
the solution precipitates cellulose II.8,19,29,83–85 The chain degradation of the 
aforementioned process can be kept low by degassing the solution of oxygen 
as far as possible and by controlling the temperature.8  
Cellulose degrades under alkaline and anaerobic conditions at 
temperatures below 170oC. The degaradtion begins at the reducing end groups 
of cellulose where the AGUs are cleaved-off by the breaking of the 1-4-
glycosidic linkage, this is known as the peeling reaction.86,87 Without any 
competing reactions at the reducing end group, the cellulose will degrade 
completely under these conditions. On the other hand, competing reactions 
present at the reducing end group that form alkali-stable end groups, will work 
as stopping reactions to the peeling reaction.88,89 The mechanism of the 
peeling reaction is shown below in Figure 21.89–91 Similar pathways for the 
degradation of cellulose have been observed for dialkylimidazolium acetate 
ILs.64,65,92,93 
Figure 21 The peeling reaction of cellulose.89–91 
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1.3.2 ACIDIC- AND ENZYMATIC HYDROLYSIS 
 
The hydrolytic cleavage (Figure 22) of the 1,4-glycosidic bond is the most 
important route of degradation.8 The hydrolytic cleavage of the 1,4-glycosidic 
bond is catalysed by the H+ ions of the acid or by an enzyme.8  
Figure 22 Cleavage of the ?(1,4)-glycosidic bond.8 
The first acid hydrolysis of cellulose (Figure 23) was documented in 1855 by 
Calvert five years after Mercer had shown the effect that aqueous alkaline had 
on cellulose.29,94 It is commonly accepted that the aqueous acidic hydrolysis of 
a glycosidic bond is a three-step process that starts from a fast formation of 
the corresponding acid by the addition of a proton to the mixture. In the 
second step, a pyranosyl cation is formed. In the third step a water molecule is 
added and heterolytically cleaved off. This third step replaces the -OR group 
with a -OH group and the H+ ion is regenerated.8 This process follows a first 
order rate law. 
 
Figure 23 The mechanism of acid-catalysed hydrolysis of a glycosidic link.95 
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Total hydrolysis is often the term that organic and analytical chemists use 
when talking about the maximum yield of the hydrolysed cellulose 
macromolecule to corresponding and appropriate monomeric compounds. All 
of the modern day procedures start from heterogeneous media and are 
gradually transitioning towards homogenous media as the glycosidic cleaving 
progresses and the DP decreases. Most of the glycosidic cleaving during the 
homogenous acid hydrolysis occurs as a result of higher accessibility to the 
bond site due to lower crystalline nature of the hydrolysate.8 
The uncatalysed half-life of cellulose hydrolysis is somewhere near five 
million years, so it is safe to say that cellulose is highly resistant to spontaneous 
hydrolysis. That being said, nature has evolved various enzymes to catalyse the 
degradation of cellulose.96 The mechanism of the enzymatic hydrolysis of 
glycosides was initially developed by Elwyn Reese, a pioneer in studying 
cellulolytic enzymes, in 1950s. He proposed a two-step method for the 
mechanism that has since been revised into a three-step process involving i) 
the physico- chemical changes to the unhydrolyzed substrate ii) primary 
hydrolysis involves the detachment of the oligomers from the cellulose matrix 
to the hydrolysate iii) secondary hydrolysis occurs when the solubilized 
oligomers are hydrolysed to glucose.97,98  
The enzymatic hydrolysis is essentially a synergistic collaboration of 
endoglucanases, exoglucanases and ?-glycosidases. The effect of the 
aforementioned enzymes is supported by oxidative enzymes that act as 
auxiliaries for the hydrolysis process. These oxidative enzymes are namely 
lytic polysaccharide mono-oxygenases (LPMOs). The literature has an 
abundance of comprehensive reviews on enzymatic hydrolysis of cellulose.99–
102 
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1.4 PROCESSING OF CELLULOSE 
Cellulose and its various chemical derivatives are used globally in industry. 
The advantages of using cellulose based materials ranges from the availability 
to waste management. The oldest and most important of the applications is 
the production of cellulose fibres. 
1.4.1 CHARDONNET SILK 
 
The birth of the regenerated cellulose fibre industry is regarded as being 
due to a Frenchman, Count Louis-Marie-Hilaire Bernigaud, comte de 
Chardonnet. Chardonnet was a professional inventor and a scientist, who had 
been focusing on the development of artificial silk and textiles.30,103 His first 
textile fibres were displayed in an exhibition held in Paris in 1889, which led 
to the start-up of the world’s first cellulose fibre-based textile factory, 
producing “Chardonnet Silk”, in 1892. The schematic of the spinning 
apparatus used to produce Chardonnet’s Silk can be seen in Figure 24. The 
project was funded by a French wood-pulp producer, J.P. Weibel. The process 
involved treating mulberry leaves with nitric and sulphuric acids and the 
resulting mix formed cellulose nitrate, which was then dissolved in ether and 
alcohol. The solution was extruded through a spinneret, followed by an air gap, 
then into a coagulation bath where the cellulose was regenerated. After 
regeneration the fibre was directed out of the bath and the solvent was 
removed by evaporation.30 Chardonnet’s process was used until 1949, when 
the last operational factory was destroyed in a fire.  
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Figure 24 The processing-plant diagram used in the preparation of Chardonnet Silk.30 
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1.4.2 CUPRO 
 
Matthias Eduard Schweizer found that cotton could be dissolved in a 
solution of copper salts and ammonia in 1857.104 This finding was later turned 
into a commercial fibre making process by a German chemist, Max Fremery, 
and an Austrian engineer, Johan Urban.105 Both inventors used Schweizer’s 
method for the preparation of lamp filaments, but decided to expand their 
business into textile fibres in 1899. Improvement to the process was made by 
a scientist working at J.P. Bemberg, Dr. Edmund Thiele, in 1901. Thiele 
developed what is called a stretch-spinning process, a method that resulted in 
better product quality product, which was later commercialized in 1908. This 
was called the Cupro (Bemberg™) process and is still being used today, 
notably in Japan by the Asahi-Kasei Corporation. 
 
1.4.3 VISCOSE (RAYON) 
 
In 1891 the British chemists Charles Cross, Edward Bevan and Clayton 
Beadle found that treating cellulose with aqueous alkali and CS2 resulted in a 
homogenous solution of cellulose, which could be regenerated in an 
ammonium sulphate (NH4SO4) bath and further purified back into pure white 
cellulose with a dilute H2SO4 treatment.31,48 Another British inventor, Charles 
Henry Stearn recognized the commercial potential of the process after seeing 
the patent and immediately contacted Cross to share the technology. Cross and 
Stearn set up the Viscose Spinning Syndicate (VSS) in order to finance their 
efforts towards commercializing the Viscose process (Figure 25), utilizing 
Stearns spinning patent. The efforts of Cross and Stearn were, more or less, 
unorganized and lacked proper management for them to fully succeed. In 
1904, Henry Greenwood Tetley from Samuel Courtauld & Co. referred 
hereinafter as Courtaulds visited the VSS laboratory and recognized that their 
process could produce a product similar to Chardonnet’s Silk but at one-third 
of the cost. Courtaulds bought the rights to Cross’s and Stearns process and 
began to manufacture their product. Courtaulds successfully developed the 
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process and by 1911 they were getting a 90% yield of the quality product. 
Between the years 1911 and 1973 Courtaulds grew to become the leading 
company in Viscose technology. The emergence of synthetic fibres in the 
sixties devalued the Viscose business and research for a replacing technology 
had to be started.106 
Figure 25 The process schematic of the Viscose process.  
1.4.4 LYOCELL 
 
The quaternary amine oxides, reported by Graenacher38 were refined to the 
use of the textile industry in 1969 by Dee Lynn Johnson from Eastman-Kodak. 
He reported that cyclic mono-N-methyl-N-oxide compounds could solubilise 
cellulose. NMMO, derived from similar amine oxides (Figure 26), is used today 
in the Lyocell process.107–111  
Cellulose is solubilized in the Viscose process as a derivative, but in Lyocell 
the cellulose is dissolved directly without derivatization and the regeneration 
is performed in plain water.  NMMO dissolves cellulose in its monohydrate 
form (~10-13 wt% water). In its pure form NMMO is crystalline with an m.p. 
of 182oC and it is used in organic chemistry as a co-oxidant or a sacrificial 
catalyst in oxidation reactions.65,112,113 
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Figure 26 The molecular structure of NMMO. 
In the Lyocell process, the cellulose is dispersed into aqueous NMMO 
solution, which is then is reduced in volume to approximately to a 10-13 wt% 
water concentration at which point the cellulose starts to dissolve. This is a 
fairly straight forward process, but there are lots of side reactions that affect 
the process, and these should also be taken into account. These side reactions 
degrade and colour the cellulose, which leads to a decrease in the final product 
performance.  
Rosenau et al.114 commented that the downsides of NMMO are often 
reported with euphemisms.115 The documented downsides, such as the 
explosions result from the thermal instability of the NMMO reaction mixtures, 
which have led to the development of chemical stabilizers being used in the 
process.116,117 The degradation reactions of NMMO were considered as radical 
reactions before Rosenau et al.118,119 reported that the degradation of NMMO 
occurs through a non-radical, autocatalytic decomposition processes and 
Polonowski-type degradation reaction.  
Figure 27 The Polonowski type reaction causes selective oxidation of the N-methyl group in 
NMMO yielding formaldehyde and morpholine.119 
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The afore mentioned side reactions have been supressed with the addition 
of appropriate stabilizers, such as propyl gallate (PG), to the process.115 
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2 AIMS OF THE STUDY 
All the work done in this study has been a part of a larger collaborative 
research project, funded by the Finnish Funding Agency for Innovation 
(TEKES). 
The main objectives for the team in the University of Helsinki were as 
follows: 
? develop, synthesize and test new, cellulose dissolving ILs (I-IV) 
? develop a method for predicting acid-base conjugate ILs ability to 
dissolve cellulose (I & III) 
? develop cellulose dissolving, distillable ILs (I & III) 
? evaluate the recyclability of a cellulose dissolving IL (IV). 
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3 RESULTS AND DISCUSSION 
3.1 METHODS AND MATERIALS 
NMR spectra were recorded using either a Varian Mercury 300 (300 MHz 
1H Freq.), Varian Unity Inova 500 (500MHz 1H Freq.) or Varian Unity Inova 
600 (600 MHz 1H Freq.) spectrometer. Infrared spectra were recorded on a 
Bruker Alpha attenuated total reflection (ATR) IR spectrometer. UV spectra 
for the Kamlet-Taft parameterization were recorded on Varian Cary 50 conc. 
UV Vis spectrometer with a Varian Cary Single Cell Peltier accessory. Shear 
rheology data of the ILs was collected on an Anton Paar MCR 300 rheometer 
equipped with a Peltier element with a plate and plate geometry. The TGA was 
performed using Mettler-Toledo TGA/SDTA 851e. The glass-jacketed, 
temperature controlled reactor (Syrris Orb) was used in the preparation of 1 
kg< batches of ILs and in the IL recycling studies (STUDY I-IV). 
 
The microcrystalline cellulose (MCC) was purchased from Sigma-Aldrich 
(product number 435236) and the prehydrolysis Kraft pulp (PHK) was 
purchased from Bahia Specialty Cellulose, Brazil (STUDY I-IV). The 
commercial ILs were purchased from IOLITEC GmbH, Germany.  1,5-
Diazabicyclo[4.3.0]non-5-ene (DBN) was purchased from FluoroChem, 
United Kingdom. All of the other commercially available chemicals were 
purchased from producers such as Sigma-Aldrich, BASF, Fluka, ABCR and 
Akzo Nobel. 
 
All the synthesized ILs were thoroughly characterized by 1H & 13C NMR, 
electron ionization mass spectrometry (EI-MS), melting point (if solid above 
room temperature), X-ray diffraction (XRD) (if applicable), infrared (IR) 
spectra, KT solvatochromic parameters, proton affinities (?HPA), van Der 
Waals surface areas, room temperature viscosities and cellulose dissolution 
capabilities (STUDIES I-IV). 
The proton affinity for the reaction ????? ? ???? is defined as the 
negative of the molar enthalpy change (-?HPA) at 25oC (298.15 K).120,121 The 
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calculation of these values involves approximation of ideal gas behaviour for 
the gas phase reaction: ?????????? ? ??????????? ? ??. The energies (E(T)) for a 
single conformer consisting of nonlinear polyatomic molecules can be 
approximated from Equation (1), where Etrans is the translational-, Erot 
rotational and Eelec electronic energy. The Evib includes the temperature 
independent zero point energy (ZPE) and the temperature dependent 
vibrational energy (E’vib(T)).121 
 
???? ? ?????? ? ???? ? ???? ? ?????? (1) 
 
The ab initio ?HPA, dipole moments, van der Waals surface area and 
volume calculations in STUDIES I and III, were composed using GAMESS 
2009 compiled for 64-bit linux. Geometries were optimised and zeropoint 
energies were calculated using MP2/6-311+G(d,p)//MP2/6-311+G(d,p). 
 
3.2 DECOMPOSITION OF IMIDAZOLIUM-BASED IONIC 
LIQUIDS (STUDY I) 
The imidazolium-based ILs have shown to be generally very efficient in 
dissolving cellulose, but as we saw in the introduction, there are reports of 
unwanted side reactions with the reducing-end groups. BASF reported that 
they establish a method for purifying [emim][OAc] and [emim][Me2PO4] by 
the means of distillation.122 The low vapour pressure of most ILs exhibit the 
use of high vacuum and high temperature for the purposes of successful and 
thorough distillation, thus exposing the issue of energy efficiency in recycling 
process solvents.  
The thermal decomposition temperatures of various dialkylimidazolium-
based ILs were measured using thermogravimetric analysis (TGA) and the 
gas-phase proton affinities (?HPA), as a crude measure of basicity or 
nucleophilicity, were combined to form a scale of the inherent reactivities of 
the used ILs (STUDY I). The reactivity of imidazolium-based ILs is related to 
their decomposition pathway. It has been documented that imidazolium-
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based IL form carbenes in the presence of strong bases i.e. NaH, NaBH4.123,124 
Subjecting [emim][OAc] to low enough pressures resulted in the formation of 
the carbene, 1-ethyl-3-methylimidazol-2-ylidene, as demonstrated by 
Hollóczki et al.125 We suggested that the thermal decomposition pathway 
would be catalysed by the acetate anion, which acts as a strong base in the IL. 
In the proposed SN2 mechanism (see Figure 28), the anion attacks the 
hydrogen at the ?-position of the imidazolium ring (STUDY I).  
 
Figure 28 The decomposition of [emim][OAc] is based on the basicity or nucleophilicity of the 
acetate anion.(This figure is adopted from reference I)  
We analysed the decomposition temperatures of ILs composed of the 1-
ethyl-3-methylimidazolium cation and various different anions to evaluate the 
shapes of their thermal decomposition curves. A uniform decomposition curve 
suggested a SN2 type decomposition mechanism and a multi-step curve 
indicated multi-step decomposition or polymerization. The TGA curves are 
shown in Figure 29 (STUDY I). 
The temperature in which the decomposition rate was the highest (Tk(max)) 
was plotted against the ?HPA, which resulted in a relatively good correlation 
(R2=0.86679)(Figure 30). In conclusion, the higher the ?HPA of the anion is, 
then the lower the activation energy of the decomposition reaction is. The 
lower basicity anion species were not able to decompose the cation with SN2 
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type mechanism, but it has also to be noted that not all of the higher basicity 
ILs decompose via SN2 mechanisms (STUDY I). 
 
  
Figure 29 The TGA decomposition curves of various [emim][X] ILs. The uniform 
decomposition curve (a) suggests SN2 type decomposition reaction and the (b) 
multi-step decomposition or polymerization in Study I. (The Figure has been 
adopted from reference I). 
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Figure 30 The correlation between the decomposition temperature (Tk(max)) and ?HPA in 
STUDY I. 
3.3 DESIGN AND SYNTHESIS OF CELLULOSE 
DISSOLVING IONIC LIQUIDS (STUDY II & III) 
The imidazolium-based ILs were usually found to be effective in dissolving 
cellulose, apart from some of their aforementioned shortcomings in thermal 
stability. The asymmetric, aromatic heterocyclic structure of [emim][OAc] 
with a delocalized positive charge, can be a paragon for the design of new 
cellulose dissolving ILs. Although the spatial features affected the physical 
properties such the m.p. and viscosity of the IL, the basicity of the IL species 
was found to be directly proportional to the dissolution capability if not even 
directly proportional to the efficiency and rate. Various carboxylate ILs were 
prepared for the cellulose dissolution experiments in STUDY III. 
Carboxylates were used as the anions, due to their environmentally benign 
nature, availability and low price. 
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The bases, seen in Figure 31, that were used to synthesize the acetate and 
propionate ILs were: Hexamethylphosphorimide triamide (HMPI), 1,2-
Dimethyl-1,4,5,6-tetrahydropyrimidine (DMP), 7-Methyl-1,5,7-
triazabicyclo[4.4.0]dec-5-ene (MTBD), 1,8-Diazabicyclo[5.4.0]undec-7-ene 
(DBU), DBN, Diethylamine (DEA), Dimethylaminopyridine (DMAP), 
Ethylimidazole (EIM), N,N-Di-isopropyl ethylamine (Hünigs base), Di-
isopropylamine (DIPA), Pyridine (Pyr) and TMG. From the previous bases, 
DMP and HMPI were specifically synthesized for these trials (STUDY III). 
 
Figure 31 The structures of the used bases and superbases in the synthesis of cellulose 
dissolving ILs. 
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The cellulose dissolution tests of the corresponding acetate and propionate 
salts of the above mentioned bases and superbases showed that the dissolution 
occurred only when the IL had a cation from the superbase range. This 
distinction can be seen from the table below (Table 2). 
 
Table 2. The calculated proton affinities of various bases and superbases. The cellulose 
dissolution capability has a distinct basicity threshold. 
B: AH B: (-?HPA) Dissolves cellulose 
[emim]: EtCO2H 262.90 Yes 
[emim]: AcOH 262.90 Yes 
HMPI EtCO2H 253.90 Yes 
HMPI AcOH 253.90 Yes 
MTBD EtCO2H 251.02 Yes 
MTBD AcOH 251.02 Yes 
DBU EtCO2H 248.88 Yes 
DBU AcOH 248.88 Yes 
DBN EtCO2H 246.44 Yes 
DBN AcOH 246.44 Yes 
DMP EtCO2H 246.14 Yes 
DMP AcOH 246.14 Yes 
TMG EtCO2H 244.88 Yes 
TMG AcOH 244.88 Yes 
DMAP EtCO2H 238.01 No 
Hünigs EtCO2H 235.93 No 
DIPA EtCO2H 232.16 No 
EIM EtCO2H 230.31 No 
DEA EtCO2H 227.58 No 
Pyr EtCO2H 220.68 No 
B: = Base, AH = Carboxylic acid, AcOH = Acetic acid,  
EtCO2H = Propionic acid,  -?HPA = Proton affinity 
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In a paper by Hauru et al.126 KT solvatochromic parameters, acidity (?), 
basicity (?) and dipolarity/polarizability (?*), were measured and 
investigated. The work by the Hauru group resulted in the conclusion that the 
cellulose dissolution capability of the IL, is arising from the net basicity 
(??????rather than individually from ? or ?. These KT parameters were 
experimentally determined and compared with our calculated proton affinity 
values (Table 3). Only a set of four parameters could be plotted due to the 
protonation of Reichardt’s dye by more acidic species and the use of alternative 
dye for Reichardt’s dye (Nile red) gives a poor correlation to Reichardt’s values 
and would therefore distort the results unpredictably.127  
 
Table 3. The comparison of the KT parameters (???) and cation proton affinities gives a 
rough correlation. 
RTIL ET(30)a ?? ?? ?? ???? B: -?HPA 
[kcal mol-1] 
[emim][OAc] 50.1 1.01 0.50 1.09 0.59 262.90 
[emim][CO2Et] 50.3 0.96 0.54 1.09 0.56 262.90 
[DBNH][CO2Et] 52.6 1.04 0.64 1.11 0.47 246.44 
[DBNH][CO2Et]b 51.3 1.07 0.53 1.03 0.50 246.44 
[DMPH][CO2Et] 51.3 1.02 0.56 1.08 0.52 246.14 
[TMGH][CO2Et] 53.2 1.00 0.71 1.16 0.46 244.88 
[DMAPH][CO2Et] - 0.85c - 0.79c - 238.01 
[HünigsH][CO2Et] - 0.79 - 1.00 - 235.93 
[eimH][CO2Et] - 0.85d - 0.71d - 230.31 
[PyrH][CO2Et] - 0.76 - 0.60 - 220.68 
(a) Dimroth-Reichardt’s scale  (b) 60 wt% solution of [DBNH][CO2Et] in 40 wt% of DMSO 
(c) Measured at 70oC (d) Measured at 25oC 
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The results derived from these experiments suggests that the cellulose 
dissolution mechanism can be explained using our simplified model, which 
shows that the IL cation competes with the cellulose hydroxyl group for the H-
bond accepting properties of the anion. In other words, the cation acidity 
affects the dissolution capability of the IL in addition to the basicity of the 
unconjugated base. If the acidity of the cation is too high, the anion tends to 
accept electron density from the cation rather than form a H-bond with the 
cellulose hydroxyl group. This was used to propose a plausible mechanism for 
cellulose dissolution in ILs. 
 
Figure 32 The proposed dissolution mechanism of protic ILs in Study III involves the 
competitive H-bond donation from cellulose hydroxyl group and the protic cation of 
the IL, with the conjugate base. 
The solubilizing efficiency as defined by the maximum concentration of 
cellulose dissolved, was tested for [TMGH][CO2Et], [DBUH][CO2Et], 
[DBNH][CO2Et] and [emim][OAc]. From these tests the [emim][OAc] 
emerged as being the most effective solvent for cellulose because it dissolved 
the highest quantity of cellulose expressed as a percentage of cellulose (~18 
wt%). The temperature-viscosity curve of the solution dictates the ease of 
processing of the IL and in order to evaluate and compare the different IL, the 
temperature dependent viscosities were recorded using 10 wt% loading of 
prehydrolysis Kraft pulp (PHK). The results shown in Figure 33, indicate that 
[TMGH][CO2Et] and [DBUH][CO2Et] formed the most viscous solutions 
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throughout the temperature range (20-100oC). The lowest viscosities were 
observed in [emim][OAc] and [DBNH][CO2Et] solutions.  
 
Figure 33 The viscosities of the synthesized ILs found in Study III. ([OAc] = Acetate, [CO2Et] = 
Propionate) 
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The distillability of [DBNH][OAc] was demonstrated by distilling the neat 
IL and recording the quantitative 1H NMR spectra (Figure 34). The integrals  
of the signals from the cation and anion showed that the initial molar 
composition of the IL was retained after distillation.66 The distillabililty of 
[MTBDH][OAc] was shown in STUDY III by heating the solid IL under 
vacuum. The molecule underwent sublimation/deposition upon heating and 
cooling under a vacuum (Figure 35).  
 
Figure 34 The 1H NMR spectra of a distilled IL found in Study III ([DBNH][OAc]) 
 
Figure 35 [MTBDH][OAc] was successfully purified by sublimation in Study III 
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The results strongly suggest that the conjugate acid-base IL synthesized 
from superbases such as DBU and DBN provide a huge potential for industrial 
adaptation. Yet the relatively high price of these ILs demands further studies 
for the recycling efficiency.  
 
3.4 IONCELL-F AND THE MARIMEKKO PILOT 
PROGRAM (STUDY III & IV) 
The rheological data of the studied [DBNH][OAc] IL suggested that the 
new IL was suitable for fibre spinning at moderate temperatures. 
Consequently, the temperature related degradation could be avoided and the 
resulting material exhibited superior properties in comparison to other man-
made cellulose based fibres.128 The encouraging results led to a scaling up of 
the process at Aalto University. 
Our fellow researchers at Aalto University managed to optimize the air-gap 
spinning apparatus for [DBNH][OAc] and were able to synthesize and prepare 
enough material for a knitted scarf, later presented in the annual FIBIC 
seminar. The fibre was named IONCELL-F, after its origin IONic liquid, 
CELLulose and Fibre. The Finnish design house and textile company 
Marimekko, took interest in the IONCELL-F fibre and collaboration was 
started between Aalto University, University of Helsinki and Marimekko. The 
main goal of this collaboration was to produce a garment, made entirely of 
Finnish birch cellulose for the Fall-Winter 2014 Marimekko Fashion Show. 
The garment, designed by Tuula Pöyhönen, was named as “Allu” and the 
textile made its debut to the audience in Helsinki Central Railway Station in 
March 2014 (Figure 36). 
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Figure 36  Group photogarph showing the Allu is the white top with black polka dots in the 
centre of the group.  
The total quantity of IL used to produce the materials reached up to ~100 
kilograms. The effects of the recycling on the process, were as yet unknown 
once this pilot programme was launched and the possible obstacles were 
averted by preparing each concecutive batch of birch fibre from a fresh batch 
of IL. It was decided that the recycling of the IL during the process would be 
evaluated after the pilot was completed (STUDY IV). 
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3.5 THE RECYCLABILITY OF [DBNH][OAC] (STUDY IV) 
Analogous to the Lyocell process, the cellulose solvent is removed from the 
spun fibres during the regeneration phase in the spinning bath in the 
IONCELL-F process. The proportion of solvent in the Lyocell process 
recovered was >99%. A high recovery is a requirement for industrial purposes, 
where the cost dictates the viability of a process and as the price of pulp is 
relatively cheap in comparison to the price of the IL that is needed to dissolve 
it, the recovery of the IL is therefore crucial. 
 In order for [DBNH][OAc] IL to be successfully adopted in any industrial 
processes, its recycling efficiency and its hydrolytic stability needed to be 
evaluated. A laboratory scale experiment was designed for the recovery and 
recycling of [DBNH][OAc] from the IONCELL-F process. The general method 
for the experiment was to use a known amount of the IL over and over again 
in the dissolution and the regeneration of cellulose pulp (7 wt%). The solvent 
and the regenerated pulp were thoroughly qualitatively and quantitively 
analysed using various analytical methods during each step of the experiment.  
The analysis could be divided into two parts i) analysis of the IL and ii) 
analysis of the regenerated cellulose pulp. For the IL, the analysis consisted 
mostly of 1H and 13C NMR techniques. Any chemical change of the IL could be 
followed easily from the relatively simple and clear spectra.   
A hydrolysis product from the IL was identified and characterized with the 
help from our fellow researchers.  
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The IL in the recycling experiments was recovered from the water 
(simulating the spinning bath) by evaporating the water using a rotary 
evaporator. The last traces of water were removed under higher vacuum. The 
temperature was kept below 80oC during the drying to avoid further 
hydrolysis. The preliminary results obtained by our colleagues, who are 
investigating the hydrolysis kinetics of [DBNH][OAc], indicated that the 
hydrolysis rate of the IL was significantly slower at moderate temperatures.  
The IL was recovered and reused successfully five times. After the cellulose 
dissolving capability was lost, the experiment was continued for two more 
cycles. The recovered and inaqueous IL was weighed during each cycle and the 
mean recovery rate for the total number of seven cycles was 95.6%. Such a high 
percentage of recovery is a good starting point for optimisation. The 
experimental data are shown in Figure 37. Some loss of mass resulting from 
the equipment that were used and could most likely be completely avoided in 
a purpose-built system. The total amount of hydrolysis (Figure 37) of the IL 
(Figure 38), per cycle ranged between 6.0 - 13.6 mol% and the dissolution 
capability was lost when the total hydrolysis was 30.6 - 45.6 wt% (41.5 – 54.9 
mol%). The latter is shown as a range that corresponds to the two data points, 
in between the dissolving property was lost. As a phenomena, this indicates 
that [DBNH][OAc] is highly tolerant to impurities and still retain the ability to 
solubilize cellulose. 
Figure 37 The mass of recovered IL and the hydrolysis (wt%) after each cycle in Study IV  
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Figure 38 The hydrolysis of [DBNH][OAc] produces a 3-(amino propyl)-2-pyrrolidonium 
acetate ([APPH][OAc]) as seen in Study IV 
The hydrolysis product, 3-(amino propyl)-2-pyrrolidonium acetate 
([APPH][OAc]), build-up to the [DBNH][OAc] was followed and quantified 
from 1H NMR spectra. A proton signal from the five-ring of the DBN molecule 
was used in the quantification. The spectra from the experiments are stacked 
on top of each other in Figure 39, which shows that the signal at 2.20 ppm is 
intensifying as the experiment progresses. The signal was identified as a 
proton signal from [APPH][OAc] that is separate from [DBNH][OAc], which 
allowed for the quantification of the hydrolysis for each cycle. 
 
Figure 39 The build-up of [APPH][OAc] in [DBNH][OAc] during the recycling experiment 
(Study IV) was followed by simple 1H NMR technique. 
  
Signal at 2.20 ppm is intensifying as the recycling 
count stacks up, corresponding to the formation of 
[APPH][OAc] 
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The baseline of the NMR spectra indicated that there were no polymeric 
impurities such as hemicelluloses in the IL. The colour of the IL darkened as 
the experiment progressed. According to Rosenau et al.129 the darkening of the 
IL can be the result of chromophoric compounds that can either be found in 
the initial pulp or are produced in the various processing steps of pulping. 
Rosenau et al.129 reported that these chromophores exist in parts per billion 
(ppb) scales in cellulosic materials, which makes them very hard to identify 
and virtually undetectable by NMR spectroscopy.  
The colour parameters of the regenerated fibres are essential to the 
manufacturer for commercial purposes because a major aim is to manufacture 
a consistent end product without any variations. Initial visual inspections 
revealed that the samples showed a darkening trend towards the end of the 
experiment. Further analysis of the pulp samples were made using ultraviolet-
visible light (UV-Vis) spectroscopy in order to get some more light to dark data 
from the samples. The reflectance at wavelength 457 nm was measured for 
each sample and clearly after the second cycle there was a drop in the 
reflectance as the dissolved cycles progressed from two to five. Yet, the 
brightness of the pulp after the first cycle was similar to the untreated pulp 
brightness. 
The colouration of the IL raises an issue for the industrial process, because 
the IL would be re-used to keep the costs low, but the end product must not be 
contaminated by any possible side reactions. One option would be to examine 
the use of oxidizers to remove the chromophores, but this would require 
compatibility testing with the processing solvent. 
The regenerated pulps in the recycling experiment were analysed to see if 
the recycled IL had any significant effect on the dissolved pulps properties. The 
regeneration of the dissolved solutions in the first cycles formed gel-like 
structures, which trapped the IL inside. The pulp was washed thoroughly to 
remove all of the IL that needed to be recovered, but the capillary 
electrophoresis (CE) and NMR samples taken from the pulps showed there 
were still traces of IL inside the pulp matrix (Table 4). This effect diminished 
towards the end of theexperiment. 
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Table 4. The residual IL of the pulp samples in Study IV were analysed using NMR and 
CE. 
 NMR CE 
Sample Residual IL 
(m%) 
Residual IL 
(m%) 
1 5.6 8.4 
2 2.3 4.9 
3 1.1 0.7 
4 0.3 0.1 
5 0 1.0 
6 0 0 
 
 
From the GPC results it was clear that the process did not induce unwanted 
degradation of the cellulose polymeric chain, because the weight averaged 
molecular weights of the processed samples remained relatively unchanged 
(Figure 40). The large error bars in Figure 40 show a relatively wide variation 
in the collected data. 
 
Figure 40 The molecular weight values of zero sample (0) and the processed samples 
obtained in Study IV (1-7) 
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In conclusion the results from the recycling experiment are encouraging for 
the further development of the IONCELL-F process. The IL can be efficiently 
recovered and recycled, but the hydrolytic stability remains a challenge that 
still has to be solved before the process can be scaled up. The ongoing research 
of my fellow colleagues have shown that the hydrolysis of [DBNH][OAc] can 
be reversed using superacidic resin. The reversal of the hydrolysis could be 
integrated into the process or the IL could be chemically modified to withstand 
hydrolysis better.  
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3.6 LIQUID CRYSTALLINE IONIC LIQUID-CELLULOSE 
MIXTURES 
Cellulose and its derivatives have been reported to form lyotropic and 
thermotropic liquid crystalline phases.21,130–139 In cellulose processing, such as 
fibre spinning, these phenomena can lead to extraordinary features in the spun 
fibres.128 The lyotropic liquid crystalline phase can be identified using a 
transmitted light microscope under cross-polarizers as described by Kosan et 
al.140 or by rheological techniques.21 
The fibres that were spun from [DBNH][OAc] in the IONCELL-F process 
yielded very strong fibres. This result partially reflects that the polymeric 
degradation was substantially lower in comparison to the fibres that were spun 
from imidazolium- or NMMO solutions, but it has also been shown that the 
cellulose chains organize spatially in the axis during the IONCELL-F 
process.128 
The completion of the dissolution of cellulose by the synthesized ILs used 
in our experiments was confirmed using optical microscopy between 
polarisers. In the case of a fully dissolved sample, the light passes through the 
solution and there are no visible fibres present. The dissolution trials were 
performed using Eucalyptus (Eucalyptus urograndis) PHK-dissolving pulp 
from Bahia Specialty Cellulose (Brazil) containing 93% cellulose I.  
The maximum cellulose dissolution capability of [DBNH][OAc] was 
determined in a cellulose loading experiment. The pulp was mixed with the IL 
in a small container that was heated up to 100oC for 1 hour. The mixing of the 
solution was done using a spatula. The series consisted of a zero sample 
(blank) and the cellulose wt% concentrations between 5 and 22. After the 
visible clearing of the samples, they were put under the microscope for further 
evaluation. The images can be seen in Figure 41. 
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Figure 41 The cellulose dissolution series in [DBNH][OAc] was followed using polarized 
optical microscopy. A) 5 wt% PHK concentration was clear of fibres, but the IL was 
crystallized in some regions. B-C) 8 wt% from the edge of the liquid shows no 
difference under polarized light. D-E) 12 wt% sample was fully dissolved and 
showed birefringence under polarization. F) 15 wt% fully dissolved and birefringent.  
G-I) 16 wt% fully dissolved and birefringent. J) 22% mostly dissolved gel-like 
material with high viscosity. The images from B-J the left picture was taken without 
polarizing light whereas the right picture was taken while using a polarizer for 
comparisons.  
The above images indicate lyotropic liquid crystalline behaviour for 
cellulose in the [DBNH][OAc]. More experiments would be needed in order to 
confirm this fully.  
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4 CONCLUSION 
The results and the discussion presented in this thesis have shown the 
methodical and successful approach to the development of new cellulose 
dissolving ILs for lignocellulose processing applications. Furthermore, the 
work performed here highlights the potential applications of new ILs in the 
production of man-made fibres.  
Even though imidazolium-based ILs show a huge dissolution capability, 
their thermal stability and chemical reactivity issues is a limitation to their 
industrial applicability. 
The author in collaboration with other researchers has shown a new 
generation of similarly effective, cellulose dissolving ILs that can be purified 
through distillation and are also less reactive or not reactive at all towards the 
solutes. The gained knowledge and understanding of the prerequisites needed 
for cellulose dissolution allowed us to develop a method for predicting the 
cellulose dissolving acid-base conjugate ILs. This method can save valuable 
and limited research resources in comparison to the laborious, and time 
consuming synthetic screening. 
The IONCELL-F project that is led by Aalto University showed that the 
developed IL, [DBNH][OAc] can be utilized to produce natural fibres. 
Nevertheless, more research is needed to optimise further the recycling and 
recovery of the IL.  
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